Four Holstein steers (261 ± 2 kg) with cannulas in the rumen and proximal duodenum were used in a 4 × 4 Latin square experiment to evaluate the interaction of dietary Ca (.45 vs .90%)
Introduction
It has been theorized (Grainger et al., 1961) that the role of Ca in overcoming the negative effects of supplemental fats on diet digestibility (particularly fiber) were somehow related to ruminal concentrations of nonesterified free fatty acids. Subsequent work lent support to that concept (Henderson, 1973; Maczulak et al., 1981; Jenkins and Palmquist, 1984; Chalupa et al., 1986) . Calcium reacts with nonesterified fatty acids to form insoluble Ca soaps (Jenkins and Palmquist, 1982; Drackley et al., 1985; Chalupa et al., 1986; Palmquist et al., 1986) . Nevertheless, addition of Ca (limestone) to fat-supplemented diets has not resulted in appreciable changes in soap formation Finn et al., 1985; Palmquist et al., 1986) . Furthermore, Bock et al. (1991) observed that whereas increasing supplemental Ca from .6 to .9% improved growth performance in a low-fat finishing diet, with high-fat diets there was a negative associative effect of increasing dietary Ca on fat utilization. This latter observation has particular relevance to Southwestern feedlots because 1 ) supplemental fat is a characteristic ingredient in diet formulations and 2 ) Ca typically exceeds .6% of diet DM. Thus, this experiment was conducted to further evaluate the interaction of dietary Ca and supplemental fat on digestive function and growth performance in feedlot steers.
Experimental Procedures
Trial 1. Four Holstein steers (261 ± 2 kg) with cannulas in the rumen and proximal duodenum (Zinn and Plascencia, 1993) were used in a 4 × 4 Latin square experiment. Two levels of dietary Ca (.45 vs .90%) and two levels of supplemental fat ( 0 vs 5%) were evaluated in a 2 × 2 factorial arrangement. Composition of experimental diets is shown in Table 1 . Chromic oxide (.45%) was added to the diets as a digesta marker. Dry matter intake was restricted to (Zinn, 1990) ; purines (Zinn and Owens, 1986) ; VFA concentrations of ruminal fluid (gas chromatography); lipid (chloroform-methanol extraction; AOAC, 1984) ; fatty acids (Sukhija and Palmquist, 1988) ; Ca (atomic absorption spectrophotometry; AOAC, 1984); and chromic oxide (Hill and Anderson, 1958) . Microbial organic matter ( MOM) and N ( MN) leaving the abomasum were calculated using purines as a microbial marker (Zinn and Owens, 1986) . Organic matter fermented in the rumen is considered equal to OM intake minus the difference between the amount of total OM reaching the duodenum and MOM reaching the duodenum. Feed N escape to the small intestine was considered equal to total N leaving the abomasum minus ammonia N and MN and, thus, includes any endogenous contributions. Methane production (mol/mol glucose equivalent fermented) was calculated based on the theoretical fermentation balance for observed molar distribution of VFA in the rumen (Wolin, 1960) . This trial was analyzed as a 4 × 4 Latin square design experiment with a 2 × 2 factorial arrangement of treatments (Hicks, 1973) . Treatment effects were considered significant if P < .10. (Lofgreen and Garrett, 1968) . From estimates of ER and MQ, the NE m and NE g values of the diets were obtained by process of iteration (Zinn, 1987) to fit the relationship: NE g = (.877 NE m ) − .41 (NRC, 1984) . This trial was analyzed as a randomized complete block design experiment with a 2 × 2 factorial arrangement of treatments (Hicks, 1973) . Treatment effects were considered significant if P < .10.
Results and Discussion
Treatment effects on characteristics of ruminal and total tract digestion of the diet are shown in Table 2 . There were no supplemental fat × Ca interactions. Supplemental Ca did not influence ( P > .10) digestibility of OM, NDF, starch, N, and fatty acids. Goetsch and Owens (1985) also observed no effects of dietary Ca (.5 to 1.1%) on total tract digestibility of OM, starch, fiber, and N, although increasing dietary Ca increased ruminal dilution rate and consequently more OM and starch was digested postruminally.
Consistent with previous studies (Boggs et al., 1987; Zinn, 1988 Zinn, , 1989b Zinn, , 1992 Zinn, , 1994 supplemental fat decreased ruminal (21%, P < .05) and total tract (3%, P < .01) digestibility of OM. As expected (Garton, 1967) , there was no net disappearance of supplemental fat from the rumen. Thus, supplemental fat, itself, accounted for 30% of the decrease in ruminal OM digestibility. Supplemental fat decreased ( P < .05) ruminal digestion of fat-free OM by 15%.
Supplemental fat decreased ruminal (25%, P < .10) and total tract (20%, P < .01) digestibility of NDF. Decreased NDF digestibility due to added fat accounted for 29 and 70%, respectively, of the decrease in ruminal and total tract OM digestibility. Decreased ruminal NDF digestibility with addition of fat to highconcentrate finishing diets has been observed in some studies (Zinn, 1989b (Zinn, , 1994 but not in others (Zinn, 1988 (Zinn, , 1992 . White et al. (1958) observed that the depressive effect of supplemental fat (5% corn oil) on total tract cellulose digestibility was completely reversed by increasing the dietary Ca from .3 to .9%. Since that time numerous trials have indicated that when dietary Ca was increased in fat-supplemented diets digestibility (usually fiber) also increased (Grainger et al., 1961; Davison and Woods, 1963; Galbraith et al., 1971; Jenkins and Palmquist, 1982; .
Early on (Grainger et al., 1961) , it was theorized that the role of Ca in overcoming the negative effects of supplemental fats on fiber digestion was somehow related to ruminal concentrations of nonesterified free fatty acids. Subsequent work lent support to that concept (Henderson, 1973; Maczulak et al., 1981; Jenkins and Palmquist, 1984; Chalupa et al., 1986) . Calcium reacts with nonesterified fatty acids to form insoluble Ca soaps (Jenkins and Palmquist, 1982; Drackley et al., 1985; Chalupa et al., 1986; Palmquist et al., 1986) . Nevertheless, addition of Ca (limestone) to fat-supplemented diets has not resulted in appreciable changes in Ca soap formation (Drackely et al., 1985; Finn et al., 1985; Palmquist et al., 1986) .
Alternatively, supplemental fat might influence ruminal digestion indirectly by depressing free ruminal Ca concentrations below that necessary to maintain optimal growth of cellulolytic bacteria (.25 mM; Bryant et al., 1959) . Investigating this concept, Palmquist et al. (1986) observed that whereas fat supplementation did depress ruminal free Ca concentrations, the mean concentration (.60 mM) exceeded that considered optimal for cellulolytic activity. However, as will be discussed later, ruminal free Ca is also a function of ruminal pH. At a ruminal pH of greater than 6.5, ruminal free Ca may be limiting cellulolytic activity where dietary Ca levels are marginal, particularly in the presence of supplemental fat. This is consistent with the observation that in the earlier studies in which supplemental Ca alleviated the detrimental effects of supplemental fat on fiber digestion (Grainger et al., 1961; Davison and Woods, 1963; Galbraith et al., 1971; Jenkins and Palmquist, 1982; Drackley et al., 1985) , the basal diets were high in forage, and thus ruminal pH is expected to have been correspondingly higher. Nevertheless, in the present experiment supplemental fat persisted in depressing ruminal fiber digestibility, notwithstanding relatively high (3.2 mM) ruminal free Ca concentrations.
Supplemental fat did not affect ( P > .10) ruminal and total tract digestion of starch or N. Lack of an effect of supplemental fat on starch digestibility is consistent with previous work (Zinn, 1988 (Zinn, , 1989b (Zinn, , 1992 (Zinn, , 1994 Bock et al., 1991) . Typically (Boggs et al., 1987; Zinn, 1988 Zinn, , 1989b Bock et al., 1991) supplemental fat has not affected ruminal or total tract N digestibility. However, in one instance ruminal digestibility of feed N was slightly (10%) increased (Zinn, 1992) . Very high levels (8% or greater) of supplemental fat have reduced ruminal digestibility of feed N (Zinn, 1994) . Supplemental fat increased ( P < .10) ruminal microbial efficiency (grams of MN/kilogram of OM fermented). This effect has been reported in numerous studies (Boggs et al., 1987; Murphy et al., 1987; Zinn, 1988 Zinn, , 1989b Zinn, , 1994 . Notwithstanding, in a few instances (Bock et al., 1991; Zinn, 1992) microbial efficiency has been decreased by fat supplementation.
Postruminal fatty acid digestibility averaged 82.6% and was not affected ( P > .10) by dietary treatments. In a summary of previous trials evaluating supplemental fat for feedlot cattle (Zinn, 1994) , a close relationship ( R 2 = .95) was observed between lipid intake (LI, g/kg body weight) and postruminal lipid digestibility (LD, %): LD = 83.18 − 4.52LI − .68LI 3 . Accordingly, expected postruminal fatty acid digestibility was 81.7% and 78.5% for the 0 and 5% fat supplemented diets, respectively. Treatment effects on site and extent of Ca digestion are shown in Table 3 . Ruminal free or ionized Ca (IC, mg/dL) was not affected ( P > .10) by Ca intake. However, it was closely associated with ruminal pH and fatty acid intake (FAI, g/d): IC = 99.9 − 14.1pH − .0367FAI ( R 2 = .84). Accordingly, supplemental fat reduced ( P < .01) ruminal free Ca 37%.
With respect to ruminal Ca digestibility, the practical significance of differences in free Ca is not certain. Holler et al. (1988) observed that as ruminal Ca concentration exceeded 4 mg/dL Ca absorption increased linearly. However, in the present study, the correlation between ruminal free Ca and ruminal Ca absorption was low ( R 2 = .02). Consistent with Goetsch and Owens (1985) , apparent ruminal Ca absorption was generally negative, being increased ( P < .05) by Ca supplementation and decreased ( P < .10) by fat supplementation. Postruminal ( P < .05) and total tract ( P < .01) apparent Ca absorption was increased by Ca supplementation. Supplemental fat did not influence ( P > .10) postruminal or total tract Ca absorption.
Treatment effects on ruminal pH, VFA molar proportions, and estimated methane production are shown in Table 4 . There was a Ca × fat interaction on ruminal pH. With .45% dietary Ca supplemental fat increased ruminal pH, whereas with .90% dietary Ca supplemental fat decreased ruminal pH. The basis for this effect is not certain. In general, fat supplementation has not influenced ruminal pH (Boggs et al., 1987; Zinn, 1988 Zinn, , 1989b Bock et al., 1991) . There were no treatment effects on ruminal VFA molar proportions or estimated methane production 4 h after feeding. In several instances involving high-concentrate finishing diets (Boggs et al., 1987; Zinn, 1988 Zinn, , 1989b supplemental fat has decreased ruminal acetate and increased ruminal propionate molar proportions. However, in other cases (Bock et al., 1991; Zinn, 1992) , as with the present, no effect of supplemental fat has been observed. Treatment effects on 84-d growth performance of feedlot steers are shown in Table 5 . There were no treatment interactions ( P > .10). Supplemental Ca did not influence ( P > .10) steer growth performance. Weight gain was similar ( P > .10) across treatments. However, supplemental fat decreased (6.2%, P < .01) DMI, thereby increasing (5.4%, P < .05) feed conversion (DMI/gain) and estimated NE value of the diet ( P < .01). As mentioned previously, growth performance studies of Bock et al. (1991) indicated a marked interaction between dietary Ca and the feeding value of supplemental fat. In the absence of supplemental fat, increasing Ca from .6 to .9% improved feed conversion (DMI/gain) by 6.6%. Substituting fat (3.5% of either soybean oil soap stock or tallow) for a molasses blend improved weight gain and feed conversion 16.6 and 10.4%, respectively, in the diet containing .6% Ca. However, when fat was supplemented into the diet containing .9% Ca there was no improvement in feed conversion, notwithstanding that with soap stock supplementation weight gain was increased (9.9%).
Growth performance responses to Ca supplementation in excess of .6% of diet DM have been atypical. Russell et al. (1980) did not observe an improvement in growth performance of steers fed a corn-based finishing diet containing .4 vs 1.8% limestone. Brink et al. (1984) observed improved feed conversion in only 1 of 5 trials comparing performance of steers fed corn-based finishing diets containing .8 vs 1.7% added limestone. In contrast, improved feed conversion with fat supplementation is expected, due to its high energy density (Zinn, 1988 (Zinn, , 1989a (Zinn, , 1992 Brandt and Anderson, 1990) .
Because supplemental fat (yellow grease, YG) replaced steam-flaked corn in the diet (Table 1) , it can be assumed that the NE value of YG is equal to the NE value of the steam-flaked corn it replaced plus the change in NE content of the complete diet brought about by the replacement. Given that the NE m and NE g values for steam-flaked corn used in the replacement were 2.38 and 1.67 Mcal/kg, respectively (NRC, 1984) The constant .05 represents the amounts of supplemental fat that replaced steam-flaked corn in the diet (Table 1) . Accordingly, the estimated NE m and NE g value of the supplemental fat was 4.78 and 3.87 Mcal/kg, respectively. These NE values are 15 to 25% lower than has been determined in previous trials conducted at this Center (Zinn, 1988 (Zinn, , 1989a (Zinn, , 1992 and are not consistent with the high digestibility of dietary fat observed in the metabolism trial. The lower-than-expected values are apparently related to the negative associative effects of supplemental fat on OM digestion, particularly the NDF fraction, and to the lack of a positive associative effect on ruminal methane energy loss.
Implications
It is concluded that increasing the dietary calcium from .45 to .9% of diet dry matter will not affect the comparative feeding value of yellow grease. High levels (5%) of supplemental fat will not have a detrimental effect on apparent calcium absorption. Supplementation of a steam-flaked barley-based finishing diet with additional limestone as a buffer may not enhance digestive function or growth-performance of feedlot steers.
Literature Cited

